Survivors of childhood cancer have a higher mortality than the general population. We describe cause-specific long-term mortality in a population-based cohort of childhood cancer survivors. We included all children diagnosed with cancer in Switzerland (1976Switzerland ( -2007 at age 0-14 years, who survived 5 years after diagnosis and followed survivors until December 31, 2012. We obtained causes of death (COD) from the Swiss mortality statistics and used data from the Swiss general population to calculate age-, calendar year-, and sex-standardized mortality ratios (SMR), and absolute excess risks (AER) for different COD, by Poisson regression. We included 3,965 survivors and 49,704 person years at risk. Of these, 246 (6.2%) died, which was 11 times higher than expected (SMR 11.0). Mortality was particularly high for diseases of the respiratory (SMR 14.8) and circulatory system (SMR 12.7), and for second cancers (SMR 11.6). The pattern of cause-specific mortality differed by primary cancer diagnosis, and changed with time since diagnosis. In the first 10 years after 5-year survival, 78.9% of excess deaths were caused by recurrence of the original cancer (AER 46.1). Twenty-five years after diagnosis, only 36.5% (AER 9.1) were caused by recurrence, 21.3% by second cancers (AER 5.3) and 33.3% by circulatory diseases (AER 8.3). Our study confirms an elevated mortality in survivors of childhood cancer for at least 30 years after diagnosis with an increased proportion of deaths caused by late toxicities of the treatment. The results underline the importance of clinical follow-up continuing years after the end of treatment for childhood cancer.
Cancer is the second most common cause of death in children in developed countries. 1, 2 Improvements in childhood cancer therapies have drastically increased survival over the past decades, and 5-year survival rates now exceed 80%. [3] [4] [5] [6] Unfortunately, about two thirds of childhood cancer survivors experience late effects from the cancer or its treatment; about a third of these effects are severe or life threatening. 7, 8 The leading causes of death for children who have survived 5-years after diagnosis are recurrence or progress of the original cancer, second cancers, and non-neoplastic diseases, for example, of the circulatory or respiratory system. [9] [10] [11] [12] [13] Clinical studies are generally designed for assessing efficacy of treatment protocols typically up to 5 up or 10 years from diagnosis. Several studies have shown that survivors of childhood cancer are not followed systematically into adulthood. 14, 15 Epidemiological studies are therefore necessary to monitor long-term mortality on the population level.
Although there are studies on cause-specific long-term mortality at the population level in the United States, and in Europe, 10, 11, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] few could include recently diagnosed children. 9, 12 As treatment modalities have changed over the past decades, studies should include younger cohorts of survivors who have benefited from newer treatment regimens. 26 We used data from the Swiss Childhood Cancer Registry (SCCR) (i) to compare overall and cause-specific mortality of childhood cancer survivors to that of the general population in Switzerland and describe associated factors, and (ii) describe cumulative mortality after 5-year survival for different causes of death and different diagnostic periods.
Methods

Patient cohort
The study cohort consisted of all 5-year survivors of childhood cancer diagnosed before age 15 between January 1, 1976 and December 31, 2007 in Switzerland. Data came from the population-based Swiss Childhood Cancer Registry (SCCR). 27, 28 Recent estimates suggest that it includes 91%
(about 95% since 1995) of all childhood cancer cases diagnosed in Switzerland. 29 The SCCR has access to medical records of patients and codes the primary cancer diagnosis in childhood according to the International Classification of Childhood Cancer (ICCC), 3rd edition. 30 
Ascertaining cause of death
We obtained coded causes of death by linking records with mortality statistics in Switzerland. 31 The COD statistics always includes the underlying COD and, if available, one consecutive, and up to two contributing causes of death, as coded by the Swiss Federal Statistical Office (SFSO). SFSO coded causes of death according to the International Classification of Diseases, 8th revision (ICD-8) for deaths before 1995, and according to the 10th revision (ICD-10) for deaths after 1995. 32, 33 For each death, we asked the SFSO for a copy of the original death certificate. Death certificates also contain notes and remarks about a death, which are not always possible to be classified by the ICD of the corresponding period. Medical personnel of the SCCR had information on date, site, morphology, treatment and recurrence/progression of the original cancer diagnosis, and examined death certificates.
The most probable cause of death from a clinical point of view was assessed and compared with the officially underlying cause of death from mortality statistics. If the clinical cause of death was different from the official cause of death, we used the clinical cause of death, and coded it based on the ICD of the corresponding period. Otherwise we used the official cause of death and its ICD code. We classified coded cause of death into the following subgroups: recurrence or progression of the primary cancer; second cancers; circulatory diseases; respiratory diseases; infectious and parasitic diseases; other medical causes of death; and, external causes of death.
Statistical methods
Examination of long-term mortality for all cohort members started 5 years after their first childhood cancer was diagnosed and continued until date of death, loss-to-follow-up, or December 31, 2012, whichever came first. We calculated standardized mortality ratios (SMR) and absolute excess risks (AER) overall and for specific causes of death. SMR and AER were age-(1-year band), calendar year (1-year band)-and sex-standardized using Swiss mortality rates as obtained from the SFSO. SMR was defined as the ratio of observed deaths divided by the number of expected deaths. AER was defined as the observed number of deaths minus the expected number of deaths, divided by the number of person-years at risk, and expressed by 10,000 person-years. Because there are no deaths from recurrence the general population, we only report crude mortality rates for this cause of death. We stratified SMR and AER by sex, age at diagnosis (<1 year, 1-4, 5-9 and 10-14 years), treatment era (1976-1983, 1984-1991, 1992-1999, 2000-2007) 
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Schindler et al. . Information on radiotherapy was missing for 303 patients (7.6%), on chemotherapy for 251 patients (7.6%), and on HSCT for 330 patients (8.3%).
Overall mortality
Survivors were 11 times more likely to die than their peers in the general population (SMR 11.0). There were 45 extra deaths (AER 45.0) per 10,000 person-years (Table 1) . SMR was higher in females (SMR 18.4) than males (SMR 8.5), while the AER was comparable. The SMR was higher in children diagnosed at ages <1 year (SMR 14.3) and 1-4 years (SMR 15.4) than in those diagnosed at ages 5-9 (SMR 11.2) and 10-14 (SMR 7.5). Those who had had recurrent disease within 5 years of diagnosis were likely to have considerably higher mortality from any cause (SMR 43.7) than those without recurrence during that period (SMR 6.8). Children who had autologous (SMR 65.6) or allogeneic HSCT (SMR 48.5) in the first 5 years after diagnosis had significantly higher SMR compared to those without HSCT (SMR 9.9). The SMR declined with increasing follow-up time and attained age (p < 0.001 for trend). However, significant excess mortality remained beyond 24 years from diagnosis (SMR 5.6). Number of excess deaths was largest during the first 10 years after 
Cause-specific mortality
SMRs were significantly elevated for deaths from second cancers (SMR 11.6), diseases of the circulatory system (SMR 12.7), diseases of the respiratory system (SMR 14.8) and infectious diseases (SMR 7.3) ( Table 2 ). Mortality was not increased for deaths due to other medical causes (SMR 0.9) and external causes (SMR 1.0). Highest number of excess deaths was observed for deaths due to recurrence or progression of the original cancer (AER 30.9), second cancer (AER 5.9) and circulatory disease (AER 2.9). For diseases of the respiratory system, and infectious diseases, AERs were <1 per 10'000 person-years. We then proceeded to determine potential explanatory factors for all cause mortality, recurrence, second cancers and circulatory diseases. To do this, we stratified SMR and AER by different explanatory factors. Crude mortality rate for recurrence or progression of the original cancer, which can be interpreted as an AER, was highest in survivors of CNS tumours (AER 54.9) and bone tumours (AER 54.8) ( Table 1) . Number of excess deaths due to recurrence was highest at 5 to 14 years from diagnosis (AER 46.1) and declined to below 10 excess deaths beyond 14 years from diagnosis. Multivariable analysis showed that children who suffered from recurrent disease during the first 5 years after diagnosis were at higher risk of death due to recurrence or progression (RR 8.2) than those without recurrence (Table 3) . Children treated with radiotherapy (RR 2.2), chemo therapy (RR 4.4), or autologous HSCT (RR 3.7) in the first 5 years after diagnosis were more likely to die from recurrence than those who did not receive radiotherapy, chemotherapy or HSCT.
SMR for second cancers was highest for children originally diagnosed with retinoblastoma (SMR 47.2) and leukaemia (SMR 18.6) ( Table 1) . Mortality due to second cancers was relatively stable over follow-up time with 6.6 excess deaths at 5-14 years after diagnosis, 4.7 at 15-24 years and 5.3 excess deaths beyond 24 years from diagnosis. Multivariable analysis showed that children treated with radiotherapy (RR 9.2), allogeneic HSCT (RR 12.5) or autologous HSCT (RR 6.3) had a higher risk for death due to second primary cancer than those without radiotherapy or HSCT (Table 3) . Those who had had recurrent disease within the first 5 years after diagnosis had the same risk for mortality due to second cancers as those who did not have recurrence.
From 5-14 years after diagnosis, recurrence accounted for 78.9% of all excess deaths, second cancers for 11.3%, circulatory diseases for 4.9% and all other causes of death for 2.9% (Table 4) . Beyond 24 years after diagnosis the proportion decreased to 36.5% for recurrence, but increased to 21.3% for second cancers, to 33.3% for circulatory diseases and to 8.9% for all other causes of death.
Cumulative mortality
Cumulative mortality (CM), which can be interpreted as a probability of death, was 8.8% (CI 6.4-15.0) at 30 years after diagnosis for all 5-year survivors (Fig. 1) . The CM for death from recurrence or progression increased steeply with time from diagnosis, to 3.3% (CI 2.8-4.0) at 10 years. It then increased at a slower pace, to 5.2% (CI 4.3-6.3) at 30 years from diagnosis. The CM for all causes except recurrence was 10.8% (CI 0.6-1.2) at 10 years from diagnosis, but increased continuously to 3.5% (CI 2.6-4.6) at 30 years from diagnosis. CM decreased significantly with time of diagnosis for 5-year survivors of childhood cancer (Fig. 2) . The probability of dying from all causes of death combined within the next 5 years dropped most markedly between the periods 1976-1983 (9.0%, CI 6.9-11.6) and 1984-1993 (3.9%, CI 1.7-3.8). CM at 10 years after diagnosis did not differ significantly between later periods due to low numbers. But we observed an on-going trend for decreasing CM when looking at the total follow-up time of all 4 periods (p-trend < 0.001).
Sensitivity analysis
We further performed a sensitivity analysis by considering only cases diagnosed since 1985. Results did not materially change: the overall SMR was 11.4 (CI 9.7-13.4) and the AER 38.6 (CI 32. 5-45.9) .
Discussion
This population-based cohort of 5-year survivors of childhood cancer showed that this group of patients remains at significantly increased risk for death 30 years after diagnosis. At 5-14 years after diagnosis, 79% of all extra deaths were caused by recurrence of the primary cancer, but this proportion decreased to 37% 24 years from diagnosis. In contrast, the proportion of extra deaths from second cancers, circulatory diseases, respiratory diseases and other diseases increased steadily with time from diagnosis and accounted for 64% of all deaths occurring beyond 24 from diagnosis. Cumulative mortality beyond 5 years after diagnosis decreased significantly over time.
The SMR estimated in our study was consistent with results from the British Childhood Cancer Survivor study (BCCSS) (SMR 10.7), and was somewhat higher than had been reported from the Childhood Cancer Survivor study (CCSS) (SMR 8.4) and the Nordic countries (SMR 8.3). 10, 11, 20 A study from Scotland, similar in size to our own, analysed long-term cause-specific mortality among children, adolescents and young adults with cancer; this study reported an overall SMR for childhood cancer (age at diagnosis 0-14 years) of 11.0 similar to ours, but found a slightly higher number of AER (51).
12 Similar to our study, the CCSS reported highest SMRs among survivors of Ewing sarcomas and medulloblastomas or PNET. However, the CCSS did not differentiate between PNET and medulloblastomsa. 20 In contrast the CCSS found a lower SMR for AML (SMR 9.5) compared to our study. In terms of ICCC-3 main groups, the high overall SMR for leukaemia and CNS tumours (SMR > 15) estimated in our study were comparable to findings from other studies. 11, 12, 20 However, most other studies reported a lower overall SMR for neuroblastomas. In our study, SMR for deaths due to diseases of the respiratory system, circulatory system and second cancer was largest (SMR > 10). This was slightly higher than reported in the BCCSS (for all three causes of death) and in the Nordic study (for circulatory diseases and second cancers). 11, 24 Similar to our study SMR was highest for diseases of the respiratory system (SMR 34.9) as reported in a study from the Nordic countries. 10 In our study, mortality from external causes (including suicide) was not elevated, in contrast to the BCCSS. 11 It is important to note, that there is some heterogeneity regarding age at diagnosis of the primary cancer, calendar period of diagnosis and length of follow-up in comparing studies. The decrease of AER for deaths due to recurrence and simultaneous increase of AER to other causes of death over study time was consistent with findings from the BCCSS, although it has a longer period of follow-up. 11 Other studies did not compare cause specific SMR or AER at different times since diagnosis. Crude mortality rates for recurrence deaths estimated in our study were highest for CNS tumours bone tumours and leukaemia. This is comparable to results form the BCCSS, which reported crude rates for recurrence deaths to be highest for PNET, leukaemia (excluding ALL), CNS tumours (excluding PNET) and bone tumours.
11 Most other studies did not report crude rates for deaths due to recurrence for underling cancer diagnosis. Like in our study, the BCCSS reported high SMR for second cancers for children diagnosed with retinoblastoma. However, we were not able to distinguish between heritable and nonheritable retinoblastoma and we assume that the heritable form of the disease drove the high SMR for retinoblastoma rather than treatment related causes. Like our study, studies from United States, United Kingdom and the Nordic countries showed that CM from recurrence increased during the first 10 years from diagnosis, and then levelled off, while CM for second cancers and circulatory diseases, increased continuously with follow-up time. In 2012 Garwicz et al. explored temporal trends in CM using data from the Nordic countries. 10 Similar to our study the most marked decrease in CM was observed for patients diagnosed during the 1980 sec compared to those diagnosed during the 1970 sec. However, the decrease in cumulative mortality from the first to the subsequent diagnostic period be interpreted cautiously. As commonly is the case in cancer registration, completeness of the SCCR was somewhat lower in its early years compared to today. Because the SCCR started as a clinical registry and registered mostly children enrolled in clinical studies, we assume that certain cancers were not registered completely, especially low grade CNS tumours and melanomas. The cumulative mortality observed for children diagnosed 1976-1984 may therefore have been overestimated. However, a sensitivity analysis showed that overall estimates of all cause SMR and AER did not change substantially when excluding the first period from the analysis (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) .
Excess mortality due to second cancers, circulatory diseases and diseases of the respiratory system are likely caused by late effects of cancer treatment. 13, [34] [35] [36] [37] [38] Second cancers are widely accepted as a late effect of radiotherapy during the treatment, but also specific chemotherapeutic agents might be involved in the development of second cancers. Some second cancers might also be attributable to familial cancer syndromes like heritable retinoblastoma and Li-Fraumeni syndrome. [39] [40] [41] Thus, the elevated SMR for second cancers in children diagnosed with retinoblastoma is a combination of treatment related late toxicities and genetic predisposition. Circulatory diseases may also be a late complication of childhood cancer therapy, primarily related to chest radiation or anthracyclines. Similar to the BCCSS and the CCSS cohort, we have also demonstrated adverse respiratory late effects among childhood cancer survivors. However, this should be interpreted cautiously in the context of this rare disease with only 4 (1.8%) out of 226 late deaths attributable to it.
One of the main advantages of this study was the combination of three resources. First, information on original childhood cancer diagnosis came from the population-based SCCR. The SCCR is very complete (>95% since 1995) and its not susceptible to response bias compared to questionnaire-based studies. Second, clinical data such as information on treatment and follow-up was reported directly from the nine specialized paediatric oncology clinics throughout Switzerland. We had access to most medical records and could validate treatment and follow-up data. Third, we had access to official death certificates and were able to validate code causes of death from official mortality statistics. This is important since it has been shown that deaths attributable to recurrence of the primary cancer can be overestimated, and consecutive or contributing causes of death (which might reflect therapy induced late effects) can be underestimated. 24, 42 Another advantage of our study was that we were able to include recently diagnosed patients (up to 2007), which many other studies could not do. 11, 18, 20 But, our study was smaller than other studies, so we had limited capacity to perform subgroup analyses. Another limitation of our study was the lack of detailed data on radiotherapy and chemotherapy exposures and lack of data on applied dosages. Therefore, we were no able to analyse the effect of doseresponse patterns on risk of morality. We validated COD of childhood cancer survivors, since cancer deaths were most probably overestimated. We must assume that this was also true for cancer deaths in the official statistics. If true, this would have led to an overestimation of expected deaths due to (second) cancer in our analysis and thus to an underestimation of second cancer specific SMR. The form of the death certificate changed over the study period. However, data items concerning causes of death remained unchanged. Further, there has been a change in the coding system in the mortality statistics in Switzerland from ICD-8 to ICD-10 and an adaption of coding rules, which could introduce breaks into time series of disease coding. However, since we classified COD into broad categories, we assume that this break in the coding system and rules did not affect the results of our study. Deaths due to late effects of the treatment may have declined over time due to better follow-up care. If late effects become less fatal, mortality may become a less reliable indicator of the incidence of these late effects. This suggests that future studies should also address morbidity, not only mortality.
Clinicians and patients need information on long-term outcomes, and especially mortality, to make sound decisions about treatment and follow-up. We demonstrated the usefulness of linking baseline cancer registry data and clinical data on treatment to routinely collected mortality records to monitor fatal late-effects inexpensively. Our results underline the importance of follow-up programs lasting years after the end of treatment for childhood cancer, and we suggest the use of standardized risk-adapted protocols for monitoring health conditions in the growing population of childhood cancer survivors. In absolute numbers, second cancers and circulatory disease account for most excess deaths in survivors diagnosed over 24 years ago, but this population is also less likely to attend follow-up than those were more recently diagnosed. 43 Our results underline the importance of followup programs lasting years after the end of treatment for childhood cancer, and we suggest a standardized protocol would be useful for detailed monitoring of health conditions in detail in the growing population of childhood cancer survivors.
